Abstract-This work is devoted to the chemical modification of the polymers of 1,2-disubstituted acetylenes for the creation of gas-separation membranes possessing enhanced stability to aliphatic hydrocarbons and CO 2 selectivity. The feasibility of obtaining polyacetylenes containing chlorine atoms in the side substituents of poly(1-trimethylsilyl-1-propyne) (PTMSP) and poly(4-methyl-2-pentyne) (PMP) by radical chlorination with N-chlorosuccinimide has been shown. The reaction has been carried out under mild conditions to minimize the possibility of polymer degradation and other side reactions. The obtained polymers exhibit good mechanical and film-forming properties as well as high thermal stability. Chlorinated PTMSP possesses enhanced stability to alicyclic and aliphatic C 5 -C 12 hydrocarbons. It has been shown that in the case of introduction of chlorine into the structure of PTMSP and PMP, the CO 2 /N 2 and CO 2 /CH 4 selectivities increase, with the high level of permeability being retained.
INTRODUCTION
The separation of carbon dioxide from natural energy carriers and their combustion products is one of the biggest global environmental and energy problems. On one hand, this is associated with the need for decreasing the atmospheric emissions of CO 2 induced by the growing energy consumption as well as the need for the purification of hydrocarbon fuel (e.g., natural and associated gases) for the purpose of increasing its calorific value and preventing the corrosion of pipelines [1] .
An alternative to the traditional methods of separation of CO 2 such as cryogenic distillation and physical and chemical sorption using liquid and solid sorbents can be represented by membrane gas separation, which requires neither high power consumption nor the use of toxic and expensive reagents.
Promising membrane materials for the separation of carbon dioxide can be polymers of 1,2-disubstituted acetylenes, such as poly(1-trimethylsilyl-1-propyne) (PTMSP) and some of its analogues, e.g., poly(4-methyl-2-pentyne) (PMP), which possess the highest ever level of gas and vapor permeability among the polymer studied to date [2] . At the same time, their insufficient CO 2 selectivity and instability to some organic substances, in particular, vapors of higher hydrocarbons present in, e.g., natural gas, limit their practical use in the real processes of membrane separation of CO 2 .
The introduction of various functional groups, e.g., halogen atoms, can be considered as a possible way of increasing the stability of the polymer and its CO 2 selectivity. The earlier published works showed the feasibility of enhancing the stability of polyacetylene and its gas-separation parameters by introducing halogens (F and Br). In particular, enhanced CO 2 selectivity was noted earlier for a series of F-containing disubstituted polyacetylenes [3] . We have recently shown that a fluorine-containing analogue of PTMSP, poly(1-(3,3,3-trifluoropropyldimethylsilyl)-1-propyne) (PTFPS) exhibits higher carbon dioxide selectivity in comparison with PTMSP and its other fluorine-free analogues. Thus, e.g., the CO 2 /CH 4 selectivity of PTFPS is ~13, which six times that of PTMSP [4] . At the same time, the low level of gas permeability of PTFPS (of no more than 10 2 Barrer) does not allow using it in the industrial processes of membrane gas separation. The sharp drop in the coefficients of permeability of PTFPS in comparison with PTMSP can be explained by a decrease in the effective free volume of the polymer by the presence of the polar CF 3 group.
The improvement of the membrane characteristics of polyacetylene can also be promoted by the introduction of bromine. For example, regioselective bromination of PTMSP and PMP with N-bromosuccinimide (NBS) makes it possible to obtain Br-containing polymers, which are stable to C 5 -C 12 hydrocarbons and exhibit higher CO 2 /N 2 and CO 2 /H 2 selectivity, retaining the permeability coefficients of the gases at a sufficiently high level (10 2 -10 3 Barrer) [5, 6] .
The increase in the CO 2 selectivity of the polymer as a result of introduction of halogen atoms is apparently due to the increase in the coefficients of solubility of CO 2 induced by the dipole interactions of the penetrant molecules containing a polar bond with the functional groups in the composition of the polymer matrix. Taking into account the high electronegativity of the chlorine atom and its small radius, the chlorination of polyacetylene can provide a high CO 2 selectivity of the obtained Cl-containing polymers, with high permeability coefficients being preserved. Because of this, the synthesis of chlorine-containing derivatives of PTMSP and PMP can be of scientific and practical interest. Here, only single examples of the introduction of chlorine atoms into polyacetylenes are described which show the feasibility of obtaining Cl-containing polymers with new properties on their basis. Chlorine water was used as the chlorinating agent in all the cases [7, 8] . It was found that the chlorination of the polymer under these conditions is accompanied by degradation (drop in the molecular weight), which is evidenced by a sharp decrease in the intrinsic viscosity [7] . It was also found that the treatment of PTMSP films with Cl 2 (aq) is accompanied by desilylation, which leads to a sharp decrease in the free volume and, hence, level of gas permeability. No systematic studies of the parameters of selective gas transport in chlorinated polyacetylenes were performed earlier.
The aim of this work is to synthesize chlorine-containing membrane polymers on the basis of highly permeable glassy disubstituted polyacetylenes PTMSP and PMP and investigate the membrane characteristics of the obtained polymers (gas separation parameters, thermal stability, film-forming and mechanical properties, CO 2 selectivity, and stability against organic solvents) in comparison with the parent unmodified polymers. The chlorination was performed under mild conditions that minimize the possibility of polymer degradation and other side processes (Fig. 1) . The chlorinating agent was N-chlorosuccinimide (NCS), which is capable of selectively chlorinating unsaturated compounds at the α-position relative to the double bond under homogeneous conditions.
EXPERIMENTAL
Materials Initial PTMSP was obtained according to a procedure described in [9] with the use of the TaCl 5 /Al(i-Bu) 3 catalyst system. The fraction of trans-units in the initial polymer was 65%, M w = 30 × 10 5 , and intrinsic viscosity [η] (25°C, CCl 4 ) = 6.5 dL/g.
Initial PMP was obtained according to a procedure described in [10] with the use of the NbCl 5 /Ph 3 SiH catalyst system. The fraction of trans-units in the initial polymer was 65%, M w = 6.5 × 10 5 , and intrinsic viscosity [η] (25°C, CCl 4 ) = 1.8 dL/g.
Commercial N-chlorosuccinimide (97%) (Acros Organics) was used without additional purification.
Reagent-grade carbon tetrachloride (Khimmed) used as the solvent was purified by treating with a 10% aqueous solution of potassium hydroxide and washing with water to a neutral reaction. Then it was dried over anhydrous CaCl 2 for 48 h, after which it was distilled over P 2 O 5 three times in a high-purity argon atmosphere (4.8 grade, TU (Technical Specification) 20. 11.11.121-006-45905715-2017 , the volume fraction of argon of 99.998%).
Chlorination of PTMSP and PMP
The chlorination reaction of PTMSP and PMP was performed in a reactor equipped with a jacket, a thermometer, and a magnetic stirrer in a high-purity argon flow. A polymer solution (a PTMSP or PMP concentration in CCl 4 of ~0.3 or ~0.8 wt %, respectively) was charged into the reactor, after which N-chlorosuccinimide was added in various molar ratios (1 to 10 mol per 1 mol of the elementary units of the polymer). In the case of chlorination of PTMSP, the reaction mixture was thermostated at 60°C, and the temperature was maintained constant throughout the entire experiment. In the case of chlorination of PMP, the reaction mixture was thermostated for 1 h at 60°C, and then the temperature was decreased to 25°C. The reaction time was 100 h. After completion of the reaction, the reaction mixture was added dropwise to a six- fold (by volume) excess of methanol. The precipitate of the polymer was separated on a sintered-glass filter and then rinsed with acetone several times to remove the traces of unreacted N-chlorosuccinimide, after which it was dried in a vacuum to constant weight. The yield of the product was determined gravimetrically.
Methods for Investigation of the Structure and Properties of the Polymers
The amount of chlorine in the polymers was determined via organoelemental analysis. The elemental analysis was performed using direct pyrolytic chromatography on a Carlo Erba instrument (Italy). The error of the measurements was 0.5 wt %.
The position of chlorine in the units of PTMSP and PMP was determined by IR spectroscopy on an IFS-66v/s-Bruker spectrometer (Germany) (resolution, 2 cm −1 ; 30 scans; range, 400-4000 cm −1 ). The samples were prepared in the form of films cast from a polymer solution of in cyclohexane.
Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/DSC-1 instrument (Switzerland) in the range of 20-1000°C. The measurements were made in an argon atmosphere. Test samples in amounts of 5 to 40 mg were placed into alumina crucibles of a 70 μL capacity. The samples were heated in an argon atmosphere at a heating rate of 10°C/min and an argon flow rate of 10 mL/min. The accuracy of the temperature and mass measurements were +0.3°C and 0.1 μg, respectively.
Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC823e differential scanning calorimeter (Switzerland) in the range of 20-350°C. The test samples in amounts of 5 to 20 mg were placed into 40-μL alumina crucibles and closed with a perforated lid. The perforation of the lid provided free exchange with the atmosphere of the oven of the instrument and obtaining the results at a constant pressure. The samples were heated at a rate of 20°C/min in argon stream at a flow rate of 70 mL/min. The measurement results were processed using the STARe service program supplied complete with the instrument. The accuracy of the temperature measurement was up to 0.2°C.
To evaluate the solubility, a weighed amount of the polymer (about 100 mg) was placed in the corresponding solvent (25 mL) for 24 h at 25°C and then heated to 60°C for 6 h. Then the solution was filtered off, and the filtrate was precipitated into methanol. The solubility of the polymer was taken as given by the gravimetric data.
The mechanical properties of polymer films were studied at a constant crosshead speed of 10 mm min −1 on an Instron-1122 instrument (United States) at 20°C.
Polymer membranes (the film thickness was 25-50 μm) were obtained by casting a 1-5 wt % solution in CCl 4 onto a cellophane support and covered with a Petri dish to provide slow evaporation of the solvent. The films were dried in air for 7 days and then under vacuum for 48 h (t = 25°C).
The parameters of the permeability of the polymer films of to the individual gases were determined at 30°C on a laboratory unit operating in the "constant volume/variable pressure" mode intended for the measurement of the gas permeability parameters of flat sheet membranes [11] . The work is based on the manometric method of measurement of the flow rate of the gas that passed through the membrane, consisting in the determination of the change in the pressure in a calibrated volume per unit time. The permeability coefficients of the membranes P were determined by the expression (1) where V p is the volume of the permeate; l is the membrane thickness (25-50 μm); A is the membrane area; R is the universal gas constant; p f is the feed pressure (it was 1 bar for all the gases in a time interval Δt); p p1 and p p2 are the permeate pressures at time points 1 and 2, respectively; and Δt is the difference in time between two points (1 and 2) in the pressure curve. The measurement error of the permeability coefficients did not exceed 5%.
The value of the diffusion coefficient D was determined by the time lag with the use of the equation (2) where θ is the lag time.
The values for the solubility coefficient S was calculated by the equation (3) The selectivity of the polymer films was calculated by the ratio of the coefficients of permeability of individual gases A and B (4) where is the ideal separation factor and P A and P B are the coefficients of permeability of the two gases, A and B, under separation.
RESULTS AND DISCUSSION
To obtain chlorine-containing derivatives of PTMSP and PMP, radical chlorination of the samples of these polymers in carbon tetrachloride at various ratios of the molar concentrations of the chlorinating agent N-chlorosuccinimide (NCS) and the initial polymer (calculated per elementary unit) in the initial
α mixture was performed. The conditions and results of chlorination are presented in Table 1 . It was found that varying the NCS concentration in the reactant mixture and molar ratio of the reactants makes it possible to obtain samples of polymers with different chlorine contents. Samples of trans-PMP and trans-PTMSP were obtained under the given conditions in a high yield (70-80%), the maximally achieved degree of chlorination of PMP and PTMSP was 41 and 78 mol %, respectively. Figure 2 presents the IR spectra of (a) initial and (b) chlorine-containing PMP. New bands appear in at 750 and 800 cm −1 (C-Cl stretching vibrations) and 1246 cm −1 (bending vibrations of the H-C-H angle in the -CH 2 Cl group), which indicate the presence of chloromethyl groups in the polymer after the chlorination of PMP. Their presence is indirectly confirmed by an increase in the intensity of the bands of the skeletal vibrations of the isopropyl group (980-1100 cm −1 ). The spectra of the polymers containing different amounts of chlorine are identical and differ only by the relative intensity of the specified bands. Therefore, according to the IR data, the chlorination of PMP apparently proceeds regioselectively by the methyl group in the α-position relative to the C=C double bond of the elementary unit of PMP, which is characteristic for the radical halogenation of unsaturated hydrocarbons. The detection of chlorine in chlorinated PTMSP by IR spectroscopy appears impossible because the bands due the C-Cl bond in the region of 750-800 cm −1 are masked by the intensive band corre- sponding to the stretching vibrations of the three Si-C bonds of the -Si(CH 3 ) 3 group.
We showed in one of the recent works [5] that N-bromosuccinimide reacts regioselectively with PTMSP to brominate one of the C-H bonds of the trimethylsilyl group, which can be due to the-M effect of the silicon atom which promotes the weakening of the C-H bond of the adjacent CH 3 group and its susceptibility to the radical attack of the halogen atom. The analogy of the mechanism of radical halogenation with N-chlorosuccinimide and N-bromosuccinimide allows the assumption that in the case of PTMSP, one of the methyl substituents in the (CH 3 ) 3 Si group undergoes chlorination as well.
When using a polymer in membrane separation processes, one of the essential properties of the material is its stability to the components of the feed mixture. In this connection, the stability of the obtained chlorinated polymers to various organic substances was evaluated. The data on the stability of these polymers to various solvents are presented in Tables 2 and  3 . It should be noted that the polymers exhibit selective stability to solvents of different natures depending on the chlorine content in the polymer matrix. Thus, at a chlorine concentration of up to 40 mol %, PMP preserves the solubility characteristic of the unmodified homopolymer; however, in the PTMSP samples at a chlorine concentration above 25 mol %, the polymer already loses the solubility in pentane, while it becomes stable to aliphatic C 5 -C 12 hydrocarbons in the case of introduction of 78 mol % chlorine.
The introduction of polar -CH 2 Cl groups into macromolecules probably promotes an increase in the polarity of the polymer, which apparently makes it more stable to nonpolar solvents, such as aliphatic hydrocarbons, with an increase in chlorine content in the polymer matrix. On the other hand, this enhancement should also be promoted by the formation of denser packing of the macromolecules induced by the dipole interactions between the side substituents. The increased stability of chlorinated polymers to organic substances of different classes can be of value in their using not only as membrane materials for gas separation, but also in nanofiltration of various organic media and other membrane processes.
The obtained chlorinated polymers preserve good film-forming and mechanical properties, which can be of great importance in the case of using the membrane material in the form of thin films. The mechanical properties of the Cl-containing polymers (Young modulus, elongation at break, and tensile strength) are close to those of the unmodified samples of PMP and PTMSP (Table 4) . As is seen from Fig. 3 , the films of the chlorinated polymers preserve the appearance and elasticity characteristic of the initial samples.
In many cases of the use of a polymer as a membrane material, e.g., in the processes of separation of CO 2 from industrial combustion gases, the stability of the polymer at elevated temperatures is also of great importance. In this connection, the thermal transitions and thermal stability were studied for the polymers containing chlorine atoms.
When recording the thermograms of chlorinated PTMSP in an inert gas atmosphere, the TGA curve shows the onset of degradation (5% weight loss) at 195°C (Fig. 4, a) .
The TGA curve of PMP containing 41 mol % chlorine in an inert gas atmosphere shows the onset of degradation at 203°C (Fig. 5, a) . The relaxation properties of the polymers were investigated using DSC. The analysis of the DSC curves showed that the polymers, like initial PTMSP and PMP, did not exhibit signs of glass transition or plastic flow in the temperature range of 0-320°C. Probably, in this case, all the relaxation transitions associated with the glass transition and plastic flow are above the decomposition point. Table 5 It is seen that the chlorination of PTMSP and PMP leads to a decrease in the gas permeability and an increase in the CO 2 selectivity. The decrease in the coefficients of permeability of gases is mainly due to the decrease in the coefficients of diffusion and solubility, which is apparently caused by the decrease in the free volume of the polymers as a result of chlorination. The high polarity of the C-Cl bond apparently determines the dipole interactions between the seg- ments of the macromolecules that contain -CH 2 Cl chloromethyl groups, promoting the formation of denser macrochain packing characterized by a smaller accessible free volume. Table 6 shows that the ideal separation factors for CO 2 /N 2 and CO 2 /CH 4 binary gas mixtures are higher for all the samples relative to those of initial PTMSP and PMP. The CO 2 /N 2 and CO 2 /CH 4 selectivities are twofold higher at a chlorine concentration of 78 mol % in the PTMSP matrix and greater by a factor of 1.2 with 41 mol % chlorine in the structure of PMP, in comparison with the initial polymers. Note that the selectivities of diffusion and for chlorine-containing polymers slightly changed in comparison with initial PTMSP and PMP, which is indicative of the insignificant influence of chlorine on the selectivity of diffusion.
Thus, the increase in the CO 2 /N 2 and CO 2 /CH 4 selectivity as a result of chlorination is due to the increased selectivity of dissolution of CO 2 which can be induced by the presence of polar -CH 2 Cl substituents, which determine the dipole interactions of the polymer matrix with penetrant molecules containing a polar bond. 
CONCLUSIONS
In this work, a method for preparing new chlorinecontaining polymers on the basis of an organosilicon glassy polymer of 1,2-disubstituted acetylene, poly(1-trimethylsilyl-1-propyne), and its hydrocarbon analogue poly(4-methyl-2-pentyne) by their direct radical chlorination under homogenous conditions has been developed. The obtained polymers exhibit higher CO 2 selectivity in comparison with the initial polymers, preserving the coefficients of permeability at a quite high level. Chlorinated PTMSP and PMP combine high gas-separation parameters with good mechanical and film-forming properties and thermal stability. Chlorine-containing PTMSP possesses enhanced stability to alicyclic and aliphatic C 5 -C 12 hydrocarbons, while chlorine-containing PMP preserves the stability to aliphatic and aromatic hydrocarbons characteristic for the initial materials, which can be important in the case of using the polymer for the membrane separation of CO 2 from hydrocarbon-containing natural mixtures. Therefore, the direct chlorination of PTMSP and PMP with N-chlorosuccinimide can be a promising method for the creation of effective membrane materials with increased stability and selectivity of separation of CO 2 from industrial gas mixtures with various compositions. 
